The segregation of genetic material during mitosis is coordinated by the mitotic spindle, whose action depends upon the polarity patterns of its microtubules (MTs) [1, 2] . Homotetrameric mitotic kinesin-5 motors can crosslink and slide adjacent spindle MTs [3] [4] [5] [6] [7] [8] [9] [10] [11] , but it is unknown whether they or other motors contribute to establishing these MT polarity patterns. Here, we explored whether the Drosophila embryo kinesin-5 KLP61F, which plausibly crosslinks both parallel and antiparallel MTs [7, 12] , displays a preference for parallel or antiparallel MT orientation. In motility assays, KLP61F was observed to crosslink and slide adjacent MTs, as predicted. Remarkably, KLP61F displayed a 3-fold higher preference for crosslinking MTs in the antiparallel orientation. This polarity preference was observed in the presence of ADP or ATP plus AMPPNP, but not AMPPNP alone, which induces instantaneous rigor binding. Also, a purified motorless tetramer containing the C-terminal tail domains displayed an antiparallel orientation preference, confirming that motor activity is not required. The results suggest that, during morphogenesis of the Drosophila embryo mitotic spindle, KLP61F's crosslinking and sliding activities could facilitate the gradual accumulation of KLP61F within antiparallel interpolar MTs at the equator, where the motor could generate force to drive poleward flux and pole-pole separation.
Cy-5-labeled MTs were specifically attached to a glass surface. Subsequently, we blocked the surface with the amphiphilic block copolymer Pluronic F108 to prevent nonspecific binding of MTs and KLP61F to the surface. Purified KLP61F and rhodamine-labeled MTs were added together with adenosine triphosphate (ATP). We then acquired time series of images that showed clear movement of rhodamine-labeled MTs over immobilized Cy5-labeled MTs ( Figure 1B and Movies S1 and S2, available online). Rhodamine MTs did not land or slide on regions of the surface where no MT was immobilized. This excludes the possibility that MTs were driven by KLP61F directly attached to the glass surface. In most of the recorded events, we observed crosslinked, nonaligned MTs, with a crossover point moving relative to both filaments with an average velocity (6 standard deviation) of 11.0 6 3.1 nm/s (n = 18) ( Figures 1C  and 1D ), which was independent of the crossing angle. Occasionally, as shown in Figures 1B and 1C , the sliding MT rotated into alignment with the immobilized MT, whereupon the two relative velocities of sliding added up to approximately twice the individual velocities, indicating that these MTs all ended up aligned antiparallel [4] . In some of the recorded events, the sliding MT had already been aligned. The average velocity we measured for all aligned, sliding MTs was 26.7 6 4.5 nm/s (n = 16) (see Figure 1D ). These observations suggest that KLP61F can crosslink MTs in either parallel or antiparallel orientation and that it moves with a well-defined velocity along both crosslinked MTs, largely independent of their relative orientation, just like its Xenopus ortholog, Eg5 [4] . However, the question remains whether either of these kinesin-5 motors preferentially crosslinks MTs into parallel or antiparallel polarity patterns.
KLP61F Homotetramers Preferentially Crosslink MTs into Antiparallel Bundles
As a prelude to assaying kinesin-5 0 s MT-crosslinking polarity preference, we used standard bundling assays to test the MTbundling activity of the following constructs: (1) purified fulllength KLP61F (a 520 kDa tetrameric holoenzyme), (2) a tetrameric 272 kDa native molecular weight (MW) ''stalk'' fragment lacking both the N-terminal motor and the C-terminal tail domains, and (3) a tetrameric 378 kDa MW native ''motorless'' (a.k.a. ''headless'') fragment ( Figure 1A ). As expected, highly purified motorless KLP61F, like the full-length protein, displayed robust MT-bundling activity, whereas the purified stalk subfragment displayed no detectable bundling activity (Figure 2A) , supporting the idea that KLP61F homotetramers must contain either N-terminal motor domains or C-terminal tail domains to be capable of bundling MTs [7] .
To determine whether KLP61F has a preference for crosslinking MTs into either parallel or antiparallel bundles, polaritymarked MTs and purified KLP61F [7] ( Figure 1A) were mixed for 1 min in assay buffer containing nucleotides, and they were subsequently introduced into a microscope chamber with an aminosilanized glass surface, which led to a fixation of the relative orientation of MTs upon attachment. After rinsing the sample, we counted the parallel and antiparallel MT bundles attached to the surface to determine their relative abundance ( Figure 2B ). In these assays, unlike the more routine bundling assays shown in Figure 2A , the relative concentration of KLP61F and MTs was optimized to generate bundles consisting of two MTs and not more.
We observed that, in saturating concentrations of the nonhydrolyzable ATP analog AMPPNP, equal numbers of parallel and antiparallel MT pairs were formed ( Figure 2C ). We reason that this occurred because AMPPNP facilitates the strong binding of KLP61F motor domains to the MT tracks, immediately locking them in place in a tight binding state. In other words, AMPPNP freezes the on and off kinetics of the motors and will not allow potential differences in binding affinity of either the motor domains or the binding domains in the tails between antiparallel and parallel MTs to establish a preferred polarity pattern. The result further suggests that each individual KLP61F motor has considerable rotational flexibility (consistent with Figures 1B-1D ) because the pairs of motor domains at opposite ends of the stalk domain must be capable of rotating by 180 in order to crosslink MTs oriented in either parallel or antiparallel configurations. It should also be noted that, even if the orientational preference of a single crosslink was small compared to thermal energies, several motors could still collectively cause a strong orientational bias over time if the crosslinking is transient.
In principle, the two sets of binding sites, on the motor domains and on the tails, could each cause an orientational bias, the bias could be equal or opposite, or just one set could cause the bias. We designed the following experiments to differentiate between the various scenarios. The existence of a bias implies a certain degree of mechanical torsional stiffness in the tetramers. Note that a bias caused by only one set of binding sites allows one to roughly localize flexibility in the molecule. To avoid the initial ''orientation quench'' caused by AMPPNP on the motor domains, which appears to lock KLP61F-MT complexes in a random initial tight binding configuration, we modified the assay. We first incubated MTs and KLP61F in the presence of ATP for 1 min to allow the system to equilibrate. This time is appropriate because it exceeds the residence time of individual kinesin-5 motors on MTs but is short enough to prevent sliding to the end of travel, whereupon kinesin-5 reaches the ends of ''sorted'' MTs. When this is allowed to occur, complicating events (e.g., ''snap-backs'' of dangling MTs, et cetera) can introduce artifacts into the assays (discussed in [4] ). After incubation, the crosslinked MTs were attached to the glass surface, and AMPPNP was flushed in to lock the KLP61F motors in an immotile state. Under these conditions, we observed three times more antiparallel MT pairs than parallel ones, indicating that the full-length KLP61F has a preference for generating antiparallel MT pairs in the presence of ATP ( Figure 2C ).
Earlier studies had shown that the KLP61F homolog Eg5 can diffuse axially along the MT polymer lattice in the presence of adenosine diphosphate (ADP) [13] ; this process presumably does not involve specific and strong binding states of the motor domains but probably depends on interactions with the C-terminal tail domains instead [7, 14] . To examine the MTbundling behavior of KLP61F in this ''diffusive mode,'' in which the binding via the motor domains is likely switched off, we tested MT-MT crosslinking in the presence of KLP61F and ADP. We again observed three times more antiparallel than parallel MT crosslinking under these conditions. All results thus suggest that the tail binding sites are responsible for the bias. To entirely exclude the possiblity that the motor domains are required, we tested whether KLP61F's C-terminal MT-binding domains alone can cause the orientational preference of these kinesin-5 motors. We determined the orientation of MTs bundled by motorless constructs (which were already shown to bundle MTs [ Figure 2A ]) in the presence of ADP. We again observed three times more antiparallel than parallel MT bundles ( Figure 2C ). KLP61F thus has an approximately 3-fold preference for bundling antiparallel MTs over parallel ones. This preference is preserved when the motor domains are totally absent, as was the case for the motorless subfragment, or when they are switched off in a weakly and dynamically bound MT-binding state in the absence of ATP and in the presence of ADP.
Taken together, our results demonstrate that the homotetrameric kinesin-5 KLP61F, like its homolog, Eg5, can crosslink and slide MTs. Our findings further suggest that kinesin-5 motors display a preference for crosslinking MTs into antiparallel bundles. It may be reasonable to assume that the bipolar structure observed for Drosophila KLP61F [5] and the MT-MT sliding activity demonstrated for Xenopus Eg5 [4] are shared by all members of the kinesin-5 family. However, kinesin-5 motors appear to be deployed to play different roles in spindles from different systems [15] [16] [17] [18] [19] [20] , and these roles could be correlated with system-specific differences in the molecular architecture and mechanism of action of kinesin-5 motors. KLP61F is, to our knowledge, the first member of the kinesin-5 family explicitly shown to display both a bipolar ultrastructure [5] and MT-MT sliding activity (this report), both of which underlie the proposed kinesin-5-dependent ''sliding filament'' mechanism.
We do not know the molecular mechanism by which KLP61F preferentially crosslinks MTs into antiparallel orientations. This is a fascinating problem that merits further detailed analysis. The observation that tetramers of both ADP-bound full-length KLP61F and motorless KLP61F subfragments preferentially crosslink MTs into antiparallel orientations shows that the mechanochemical activity of the motor domains is not essential for the antiparallel polarity preference. In this context, it is interesting to note that MT crosslinking is also brought about by the nonmotor MT-binding protein Ase1p, which displays a similar antiparallel orientation preference [21] . Note that the antiparallel MT orientation preference of motorless KLP61F suggests that the C-terminal tail domains may control the polarity preference of full-length KLP61F, but we cannot exclude the possibility that active KLP61F motor domains (in contrast to those trapped in the presence of AMPPNP) could contribute as well. We also note that the tail domains contain the cyclindependent kinase (cdk)-dependent phosphorylatable bimC box, which may target kinesin-5 to spindle MTs [12, 22] , so it is tempting to speculate that the phosphorylation state of the bimC box influences the polarity preference of kinesin-5. For addressing the above issues, detailed structure-function studies of the MT-crosslinking polarity preference of headless and tailless, phosphorylated and nonphosphorylated KLP61F constructs are planned.
On the basis of the results of the relative sliding experiments (Figure 1) , together with the absence of any MT-crosslinking orientation preference in the presence of AMPPNP (Figure 2) , it is apparent that full-length KLP61F is flexible enough to crosslink MTs in any orientation. However, to explain the orientation preference that is observed in the presence of ADP and ATP, we imagine that some part of the tetramer must have sufficient torsional rigidity to form and maintain the antiparallel MT orientation. This apparent contradiction is resolved if one assumes that the stalk between the opposing tail domains is relatively rigid, that the C-terminal tail domains specifically interact with a MT, resulting in an antiparallel orientation preference, and that the flexibility of the motor domains resides in the neck and/or neck linker. An improved understanding of the torsional rigidity of different domains of the KLP61F homotetramer would therefore be illuminating.
What are the implications of kinesin-5 0 s antiparallel polarity preference for the mechanism of mitosis? At present, there is considerable interest in the mechanisms for establishing MT polarity patterns within mitotic spindles and in other MTbased structures, such as axons and dendrites [21, 23, 24] . In astral mitotic spindles, such as those in the early Drosophila embryo, spindle MTs are organized into two overlapping radial arrays, with their minus ends located at the centrosomes and their plus ends facing the equator of the spindle [12] . Consequently, MTs around and near the centrosomes are oriented parallel, whereas MTs overlapping with their plus ends at the equator are likely to encounter antiparallel neighbors. These antiparallel pairs are crucial for generating forces between the spindle poles. In some spindles, such as Drosophila embryo mitotic spindles, motor-dependent crosslinking and relative sliding of antiparallel MTs at the spindle equator is thought to underlie poleward flux within interpolar MT (ipMT) bundles and pole-pole separation during anaphase spindle elongation [15, [25] [26] [27] [28] . It is plausible that antiparallel ipMT-MT crosslinking and sliding by kinesin-5, acting in concert with nonmotor MT-associated proteins and with nucleated-MT assembly around centrosomes and chromosomes, could play significant roles in establishing the MT polarity patterns found in spindles [21, 24, 29] .
To our knowledge, the specific MT orientation preference of KLP61F motors is so far unique among mitotic sliding motors. The fact that purified kinesin-5 motors all appear to be slow, plus-end-directed bipolar homotetramers capable of crosslinking adjacent MTs is consistent with the idea that kinesin-5 homotetramers serve as dynamic MT-MT crosslinks that both bundle parallel MTs and drive antiparallel MT sliding [12, 25, 30] and that this is their main contribution to mitotic spindle morphogenesis and function. Our results suggest that in the Drosophila embryo, KLP61F could initially bind and crosslink MTs of either polarity throughout the spindle, thereby ''zipping'' together parallel MTs to form MT bundles. This might be aided by an additional ''stickiness'' caused by the tail domains. Then via on and off kinetics or after moving toward crosslinked MT plus ends, the antiparallel preference mediated by the tails would cause KLP61F to accumulate in the overlap region of antiparallel ipMTs at the spindle equator to efficiently slide them apart, thereby contributing to poleward flux and spindle elongation [12, 15] .
Experimental Procedures Protein Preparation and Characterization
Three different constructs corresponding to full-length KLP61F, headless KLP61F, and KLP61F stalk were generated as described previously [7] . After verification by sequencing, the recombinant constructs were used for generating recombinant baculovirus (Invitrogen Baculovirus Expression System). Amplified virus was used for infecting sf9 cells. The proteins were purified from cell lysates with a Ni-NTA affinity column (QIAGEN), followed by superose 6 gel-filtration fast protein liquid chromatography (FPLC; GE Pharmacia). Tubulin and polarity-marked MTs were prepared as described before [4, 7, 21] . In short, rhodamine-labeled tubulin was purchased from Cytoskeleton Inc. Fluorescent (and biotinylated) MTs were polymerized from a mixture of 0.1 mM Cy5-or rhodamine-labeled tubulin (0.8 mM biotin-labeled tubulin) and 10 mM unmodified tubulin in the presence of 1 mM GpCpp (Jena Bioscience) and 2 mM DTT at 35 C for 25 min. For constructing polarity-marked MTs, MTs were further incubated in the presence of a mixture of 0.4 mM NEM-tubulin, 0.1 mM rhodamine-labeled tubulin, and 0.4 mM unmodified tubulin for 30 min. After stabilization with 10 mM paclitaxel (Sigma-Aldrich), MTs were centrifuged through a glycerol cushion (50% [v/v] ) with a Beckman Coulter Airfuge Ultracentrifuge (operated at at a pressure of 25 psig) for removal of free tubulin, and the MTs were subsequently resuspended.
MT-Bundling Assay and Hydrodynamic Assays
Both assays were performed exactly as described previously for purified full-length KLP61F [7] . In the case of KLP61F subfragments, instead of partially purified proteins from a Ni-NTA affinity column, pure motorless subfragments and stalk subfragments were used after FPLC purification. From hydrodynamic assays, the full-length KLP61F homotetramer had Stokes radius (Rs) = 16.7 nm, sedimentation coefficient (S value) = 7.4 S, and native MW = 520 kDa; the motorless KLP61F homotetramer (K354-1066) had Rs = 16.4 nm, S value = 5.5 S, and native MW = 378 kDa; and the KLP61F stalk homotetramer (K354-923) had Rs = 13.3 nm, S value = 4.9 S, and native MW = 272 kDa.
Fluorescence Microscopy
MT sliding and orientation experiments were performed at 21 C with a custom-built wide-field fluorescence microscope described previously [4, 14] , with a 1003 Nikon S-Fluor objective (NA = 1.3). For simultaneous observation of rhodamine and Cy5, the sample was simultaneously illuminated with 635 nm (Power Technology Inc., IQ1C10[LD1338]G3H5) and 532 nm (Coherent, Compass 215M-20) laser light. The emission was first filtered with a triple band-pass filter (Z488/532/633M, Chroma), then separated with a dichroic beam splitter (565DCXR, Chroma), and finally redirected onto the tube lens at slightly different angles, resulting in two separate images on the camera chip (Micromax, Roper Scientific). Images were taken at a frame rate of 1 frame/s, and typical laser intensities used were 10 W/cm 2 .
Relative MT Sliding Assays Tubulin and polarity-marked MTs were prepared as described above and before [4] . Coverslips were treated with dimethyl-dichlororsilane [4] , and chambers were prepared by attaching the coverslips to microscope slides with double-stick tape. Chambers were incubated for 5 min with BSA-biotin (Sigma-Aldrich, 0.1 mg/ml) in PEM80 (80 mM K 2 PIPES, 1 mM EGTA, 2 mM MgCl 2 [pH 6.8], set with HCl), washed with buffer, and incubated for 5 min with streptavidin (Biochemika, 0.1 mg/ml). The surface was blocked by incubation with a watery solution of Pluronic F108 (0.2% [w/v], BASF) for 5 min. Next, the chambers were incubated with biotinylated Cy5-labeled MTs (5 min). After rinsing with buffer, the chambers were flushed with 1 nM KLP61F, 2 mM ATP, and rhodamine-labeled MTs in motility buffer (PEM80 [pH 6.8], 10 mM paclitaxel, 0.2% Pluronic F108, 4 mM DTT, and 25 mM glucose, 20 mg/ml glucose oxidase, and 35 mg/ml catalase).
Assays to Determine the Orientation of MTs Bundled by KLP61F
In order to determine the crosslinking preference of KP61F, we used coverslips that were positively charged by silanization with 0.1% (V/V) DETA [3-(2-(2-aminoethylamino)ethyl-amino)propyl-trimethoxysilane, Aldrich] in water (incubated for 10 min, subsequently washed in water). Sample chambers were incubated with a mixture of polarity-marked MTs, 20 nM KLP61F, and 2 mM nucleotide (AMPPNP, ATP plus AMPPNP, or ADP) in motility buffer. Fluorescent images were taken, and for all observed bundles consisting of two MTs of which the polarity could be unambiguously assigned, the relative orientation was determined. For each experiment, control experiments without KLP61F and with KLP61F stalk subfragments were performed for excluding the possibility that MT bundling occurred nonspecifically.
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